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Executive Summary
The objective of the Iowa HVAC System Adjusted and Verified Efficiency (SAVE) program is to train contractors to measure installed system efficiency as a diagnostic tool that can then be used to reduce space heating and cooling energy consumption. For heating system performance, SAVE provides training in energy measurement tools, techniques used to tune furnaces, and procedures to reduce losses from duct distribution systems. Through a system efficiency approach, the program ensures that the homeowner achieves the energy reduction target for the home rather than simply performing a tune-up on the furnace or having a replacement furnace added to a leaky system. This report uses pre-and post-system upgrade data to analyze the energy savings associated with Iowa's HVAC SAVE program for space heating.
The research conducted here first examined baseline energy usage from a sample of 48 existing homes, before any repairs or adjustments were made, to calculate an average energy savings potential and to determine which system deficiencies were prevalent. Test procedures used in the SAVE program consisted of measuring airflow, static pressure, and temperature across several components and the whole system to determine how well the furnace was performing compared to the manufacturer's specifications and where the losses were occurring. After an initial assessment, duct distribution systems were sealed and insulated and in some cases additional drops were added from the return duct to the furnace to improve airflow.
The results of the baseline study of 48 homes found that on average about 10% of the space heating energy available from the furnace was not reaching the conditioned space. Thirty-one of the 48 homes were identified as having a return duct that was too small to meet the required airflow across the heat exchanger, while 43 of the 48 showed that the static pressure across the filter significantly reduced the airflow due to face area, blockage, or improper selection.
In the second part of the project, the team examined a sample of 10 homes that had completed the initial evaluation for more in-depth study. In these homes, the furnaces were tuned or replaced and duct systems were modified. Four homes had equipment replacement and duct upgrades, and six homes had system tune-ups for both furnaces and ducts.
For these 10 homes, the diagnostic data show that it is possible to deliver up to 23% more energy from the furnace to the conditioned space by doing system tune-ups (furnaces and ducts) with or without upgrading the furnace. The increase in system efficiency from this study also varied significantly, but it appears from the results that it is possible to deliver 80%-90% of the heat generated by the furnace to the conditioned space. Replacing the furnace provides additional energy reduction. The findings of this study indicate that residential heating and cooling equipment should be tested and improved as a system rather than as a collection of individual components.
Introduction and Background
The installed performance of natural gas furnaces is dependent on the rated annual fuel utilization efficiency (AFUE) of the furnace, the skill of the installation contractor, the degree to which the furnace has aged or drifted off its initial settings, and the condition of the duct distribution system. Although federal, state, and utility programs have increased the market penetration of residential high efficiency furnaces, there is evidence that the potential energy savings resulting from higher efficiency equipment are not being realized in the field (Walker and Modera 1998) . A possible explanation for these lost savings is that one or more of the key dependencies mentioned above are suboptimal. For the furnace itself, the airflow setting, fuel input rate, and burner performance can all have an impact on how well the furnace performs in the field. Low airflow across the heat exchanger can have a number of negative consequences for the performance of a furnace, including cycling on high limit and poor heat transfer. Low airflow may be caused by improperly designed distribution systems, overly restrictive filters, dirty evaporator coils, and incorrectly set fan speeds. Some of these causes are simple to correct and some require extensive renovation of the ductwork. Contractor training in diagnostics and repair is a critical success factor in optimum system performance.
To address these challenges, the Midwest Energy Efficiency Alliance (MEEA), in partnership with Energy Stewards International, developed a program that allows heating, ventilation, and air conditioning (HVAC) contractors to easily diagnose the performance of a furnace in-situ. This training program and contractor certification is named HVAC SAVE: System Adjustment and Verified Efficiency. The HVAC SAVE program was developed by MEEA to train HVAC contractors in the skills necessary to determine in-place efficiency of functioning HVAC systems. Energy Stewards International has been training HVAC professionals for many years on how contractors can use static pressures, system temperatures, and airflows to identify existing system deficiencies, allowing them to make targeted repairs or adjustments. These principles are taught over the course of a two-day class, described in Appendix A, which prepares contractors to implement these diagnosis and improvement practices on new and existing systems. The format of the class is a combination of classroom instruction using PowerPoint presentations, as well as white-board diagrams, explanations and examples, handson testing modules, and interactive workbook exercises to prepare contractors to integrate these concepts into their regular business activities. Classes are either held at a location with working systems available for testing or Energy Stewards International brings a functioning demonstration kit to allow the air diagnostic concepts and procedures to be demonstrated on a live model "system."
The target audience for this course is HVAC technicians, installers, designers, and business owners. The curriculum provides for approximately 15 hours of total course material. At the conclusion of the second day, students are given a certification exam. Upon successful completion of the exam students are awarded the SAVE certification from MEEA and the National Comfort Institute (NCI). Using these methods MEEA and NCI have trained roughly 600 HVAC contractors across the state of Iowa to date, as shown in Figure 1 . HVAC SAVE aims to have contractors take the information they have learned in the classroom and translate it into to energy savings in the field. Currently the market for system evaluations and improvements is limited. To address this issue, the program offers a financial incentive from the State of Iowa to trained contractors when they evaluate the performance of any new furnace installation by recording static pressures, temperatures, system airflows, and fuel input-putting their training into practice. In order to be eligible for this rebate, the furnace must be installed and performing at or near the manufacturer's specifications. In many cases adjustments to the equipment or system will need to be made by the contractor to meet this level of performance. As HVAC installers increase the regularity of this type of evaluation on new or existing furnaces, they will subsequently increase their focus on the equipment's installed performance.
The objective of this project is to explore the energy savings potential of maximizing furnace and distribution system performance by adjusting operating, installation, and distribution conditions. Furnaces in existing homes were evaluated by home energy professionals and specially trained HVAC SAVE contractors. This evaluation consisted of measuring airflows, static pressures, and temperatures across the system to determine how well the furnace was performing as compared to the manufacturer specifications. If it was determined that the furnace was underperforming, possible causes were identified from the data so that repairs or adjustments could be made to maximize the performance. Through incentive programs like this one, proper furnace installation techniques and duct system upgrades that produce optimal system performance are rewarded and equipment retrofits are able to achieve their full energy savings potential.
Experimental Methods
This project determines the efficacy of the HVAC SAVE program through examining the performance of HVAC systems in-situ both before and after tuning and distribution system changes are made. The project consists of two parts:
1. Baseline system evaluation results from a sample of existing homes before any repairs or adjustments are made. These data are used to estimate energy savings if the heating system was operating at its full potential.
2. In-depth study on data from a smaller sample of homes that have completed an initial evaluation, system modifications (tuning or replacement), and a post-work evaluation. Of this dataset, three homes are selected for in-depth analysis to compare the estimated energy savings pre-and post-testing.
All in-home evaluations were completed by home energy professionals or specially trained HVAC contractors following performance testing methods taught in the HVAC SAVE training. A detailed description follows.
Research Questions This project will answer the following research questions:
 What is the achievable improvement in HVAC system operating efficiency from common modifications and quality installation of new equipment?
 What is the current typical installed HVAC system operating efficiency, as defined by the capacity of conditioned air reaching building occupants?
In-Home Evaluation Procedures
A key component of the performance testing procedures is the "test-in," an evaluation of the actual installed performance of the furnace and HVAC system prior to any improvement work being conducted. Information collected as part of this initial evaluation, with instrumentation accuracies, includes:
 Furnace nameplate data and general housing characteristics, including conditioned floor area and location of supply and return ducts.
 Airflow at the equipment by one of three methods (below). The first two methods are preferred, as pressure matching is prone to errors.
o Traversing using a hot wire anemometer with a stated instrument accuracy of ± 6 fpm (± 5% of the reading)
o Using a flow grid with a manufacturers stated accuracy of ± 7% of the reading o Matching static pressure drops across the equipment with OEM values.
 Fuel input rate by clocking the gas meter (timing the gas flow rate).
 Measured external static pressure (ESP) using a static pressure probe with at stated instrumentation accuracy of ± 2% of the reading.
 Temperature rise across the equipment and at the supply and returns grilles with an instrumentation accuracy of ± 0.5°F.
A complete list of information collected during the test-in process can be seen in Appendix B. All of the measurements listed above were taken when the furnace was warmed up and running steadily. Ensuring the furnace is warmed up is important because it allows for the calculation of steady-state efficiency. This information is compared with the equipment rated values and manufacturer nameplate to determine if the equipment is operating at optimal levels.
The metric used to determine energy savings potential is conversion efficiency:
Energy out (Btu delivered by the furnace to the circulating air)
Energy in (Btu content of the natural gas*AFUE)
Energy out = CFM *Temperature Rise *1.08 (specific heat value)
Energy in = Measured gas flow rate * gas heating value * AFUE
In order to quantify the amount of energy entering the distribution system for each tested furnace, temperature rise and airflow across the heat exchanger are recorded while the furnace is in operation. The amount of energy that should be delivered by the furnace is determined by taking the measured gas flow rate (i.e., clocking the gas meter), multiplying by the local gas heating value, and multiplying by the AFUE. The amount of energy added to the airflow is calculated by measuring the temperature of the air entering and leaving the furnace and airflow rate of air leaving the furnace. By comparing these two values (the conversion efficiency) the research team can determine what percentage of the theoretical maximum available energy is actually entering the distribution system.
Following HVAC SAVE protocols, if a furnace is delivering less than 90% of the post-AFUE energy available based on the fuel input (accounting for AFUE), then repairs or adjustments to the system are deemed appropriate. Other measurements taken during the test-in are used to identify possible improvement opportunities. The first such measurement is the airflow across the heat exchanger. If the airflow is lower than the manufacturer's recommendation, then an adjustment to the blower motor speed is deemed appropriate. This simple step is often overlooked during installation. Once the setting has been confirmed or adjusted, static pressure measurements are taken and compared with the rating of the equipment. If this value is higher than 125% of the maximum ESP rating recommended by the manufacturer on the nameplate, it is considered to be above the desired range. Furnaces that are operating above this range are evaluated further by examining pressure drops across individual components in the system. Each section or component is allotted a specific portion of the total ESP. Allocation of external static pressure is determined using a standardized pressure budget table that takes into account fan type and coil placement. Exact proportions of the ESP allocated to the coil, filter, supply, and return are dependent on type of furnace. The exact values provide a guide for the contractor to determine which locations in the system are restricting airflow.
Once the airflow across the heat exchanger has been properly adjusted, the fuel input rate and temperature rise across the heat exchanger are examined. Furnaces with a firing rate not within ± 5% of the nameplate rating are considered over-or under-fired and adjustments are required. After the fuel input rate is correctly set combustion tuning can be conducted using a handheld combustion analyzer. When all of these procedures are complete, the furnace is retested to determine if it is operating at or close to its rated capacity.
Airflow at the equipment was measured using one of three methods: traversing using a hot wire anemometer, flow grid, or matching static pressure drops across the equipment with original equipment manufacturer values. Procedures for measuring airflow using the flow grid are described in ANSI/ASHRAE 152-2004, while the traverse procedures are described in ANSI/ASHRAE 111-2008. While ideally a single method of measurement would have been used, the variability of installations in the field did not allow for this. The preferred method of measurement was either the hot wire anemometer or the flow plate. In instances where neither of the two preferred measurement methods was appropriate, the static pressure drop matching was used. This method is less accurate and is prone to potential errors.
Data Collection
The sample set for this project came from a database of homes that have been evaluated through the test-in process as a part of the HVAC SAVE program in Iowa. This program began in November 2010 with limited program participation and thus the sample set was modestly sized. Initially this set contained 102 homes but the research team eliminated all but 48 homes as only these met the selection criteria of having received a complete test-in of a forced-air natural gas furnace. The team removed 22 homes that had data on central air conditioners only and 10 that were geothermal heat pumps, air source heat pumps, or strip heat. Four were removed for being commercial buildings and the remaining 18 were removed due to having not completed the entire test-in procedure.
The 48 Iowa homes that were evaluated as part of this project had average conditioned floor space of 2,645 ft 2 , ranging from 780 ft 2 to 4,760 ft 2 . Supply and return ducts in these homes were located completely (100%) in conditioned space in all but four of the homes. Of the furnaces tested, 33 were condensing (AFUE 90%-95%). The minimum recorded AFUE was 78%. The furnaces ranged in age from brand new to greater than 15 years old and had an average rated input of 81,781 Btu/h. Table 1 illustrates furnace age. Figure 2 shows the furnace input capacity sorted from smallest to largest. In the second part of the project, the team studied 10 homes that had completed test-in, system modifications, and test-out procedures. The objective of this work is to determine the energy savings that could actually be achieved from the HVAC SAVE procedures. Three of the 10 homes were chosen for in-depth case studies, including utility bill analysis. "Test-out" follows the same procedures as the "test-in" (see Section 3). Comparing test-in and test-out allows for performance improvements resulting from the repair or modification to be clearly measured. Similar to the case study homes, the remaining seven homes analyzed in this part of the study have undergone HVAC equipment replacement and system tune-ups. All seven of these homes received a test-in before the work was completed and a test-out after the work was completed. These seven additional homes will assist in investigating the hypothesis that many furnaces are installed outside their recommended operating settings and can benefit from system tune-ups. 
Field Data Summary Statistics
In the first part of this study, field data were evaluated from 48 existing homes with natural gas furnaces located in central Iowa. The data were collected during test-in evaluations completed by home energy professionals who have several years of experience conducting this type of testing.
Equipment static pressures were measured with a static pressure probe using the methods described in ASHRAE Standard 111-2008. Figure 3 shows the recommended airflow values sorted from smallest to largest with each home's corresponding recorded airflow. Figure 4 shows the distribution of measured ESP for the 47 homes that had blower motors rated at 0.5 i.w.c. (one home was removed from this set as its blower motor was rated at 0.2 i.w.c.; this furnace had a measured ESP of 0.55 i.w.c.). Recorded airflows ranged from 540 CFM to 1,877 CFM, with the recommended levels ranging from 520 CFM to 1,650 CFM (ASHRAE 2008). Pressure drops across individual components were also measured to identify where restrictions in the system exist. As shown in Figure 5 , the four locations where pressure drops were measured are the coil, filter, supply duct, and return duct. Individual component static pressure measurements are important because they shed light on how measured static pressure compares with the pressure budget. The average ESP values for external coil, filter, supply ducts, and return ducts are 40%, 20%-30%, and 20%-15%, respectively. By clocking the gas meter on these sample homes, the team was able determine the fuel input to the furnace. Figure 6 shows the actual measured input to the furnace compared with the rated input. Measured inputs on the 48 sample homes ranged from 37,037 Btu/h up to 163,636 Btu/h. Combustion analysis testing was also conducted on 36 of the 48 homes. Flue temperatures ranged from 314°F to 519°F on induced draft furnaces and 91°F to 138°F on condensing furnaces. Equipment temperature (the temperature of the air leaving the furnace) and percentage of oxygen were also recorded on these homes. Results of the flue gas testing are shown in Figure  7 . The two furnaces that have oxygen percentage readings in the 4% range also had high carbon monoxide readings. Note that steady-state efficiency varies both above and below the AFUE; this is likely due to natural variations in the observed operating condition. 
3.2
Ten Test Homes For the second part of this experiment, test-in and test-out data for 10 homes have been analyzed. Four of the 10 homes have undergone equipment replacement and system tune-ups and the remaining six have undergone system tune-ups only. Two of the three in-depth case studies have undergone equipment replacement and one test home had the tune-up only. The results presented here shed light on how directed system-level improvements can improve the efficiency of residential heating and cooling systems.
Three In-Depth Case Study Homes
Test home #1, shown in Figure 9 , is located in Johnston, Iowa. Built in 1993 it has 2,414 ft 2 of conditioned floor space and 100% of the supply and return ducts are in conditioned space. This home contained a 100,000 Btu induced draft furnace rated at 80% AFUE. At test-in the recorded airflow was 1,016 CFM versus the recommended level of 1,300 CFM. Measured ESP was 0.88 i.w.c with the blower motor having a rating of 0.5 i.w.c. The following repairs or adjustments were made to test home #1:
 Furnace replaced, reducing capacity from 100,000 Btu 80% AFUE to 66,000 Btu 95% AFUE  Combustion tuning conducted on new furnace once airflow was set correctly  Ductwork leaks repaired and entire duct system sealed using the Aeroseal process. These repairs were completed in February 2011 and a test-out of the system was done shortly after completion of the work. The new equipment is a 66,000 Btu 95 AFUE condensing furnace, airflow across the equipment was measured at 1,089 CFM, slightly above the recommended level of 990 CFM. After the ducts were repaired and sealed, the new furnace had an ESP of 0.4 i.w.c., well below its rated 0.8 i.w.c. Figure 10 below shows the natural gas consumption of the home pre-and post-retrofit. While the most recent winter was warmer than the previous two, based on heating degree days (HDDs), the natural gas consumption post-retrofit over the four billing periods ending in October, November, December, and January (2011-2012) was 32% less than the same four-month period (2010-2011) when the summer base load is factored out. The HDDs over the same four-month period are 16% fewer post-retrofit than pre-retrofit. When adjusted for HDD differences, the savings was approximately 16%. Data were normalized for weather using ENERGY STAR ® Portfolio Manager's Methodology for Accounting for Weather procedure. Further data collection, especially over a typical winter with temperatures close to design conditions, is required to assess the energy savings from this upgrade. Test home #2 is located in West Des Moines, Iowa. It was constructed in 1986 and has 2,698 ft 2 of conditioned space and 100% of the supply and return ducts are in conditioned space. The home contains a 100,000 Btu condensing furnace with airflow at the equipment during initial testing of 988 CFM, below the required 1,500 CFM. The measured ESP was 0.29 i.w.c. versus the blower motor rating of 0.5 i.w.c. Based on the conditions found in the home the following repairs or adjustments were made:  Ductwork repaired; returns that were found to be communicating with the outdoors sealed The modifications on test home #2 were completed in December 2011. The test-out showed an increased airflow to 1,238 CFM, which raised the ESP to 0.38 i.w.c. The original equipment was not replaced as part of this job.
Pre-and post-retrofit utilities bills were gathered to examine the energy saving from the repairs made. Figure 13 shows the natural gas consumption of the home from September 2010 through February 2012. The last two columns of the graph show post-retrofit consumption. Since this installation was so recent, energy savings from these repairs is difficult to quantify. The natural gas usage from January and February 2012 is 33% less than the same period in 2011, while the HDDs over the same periods are 27% less. Since the most recent winter was milder (based on HDD) than the same period during 2010-2011, short-term year-over-year energy savings are difficult to predict. Original equipment remained in use post-retrofit; therefore, this home is a good candidate for longer term monitoring. The research team will continue to collect utility billing data on this home over the course of the next year to quantify the energy savings from these system repairs. Repairs were completed on test home #3 in December 2011. "Test-out" data on the new condensing furnace showed measured equipment airflow of 875 CFM and an ESP of 0.6 i.w.c. The temperature rise and supply register temperatures were similar to the pre-retrofit conditions.
Since this repair was completed recently, natural gas utility bills pre-and post-modification do not provide significant insight into whether any energy savings were achieved. Figure 16 and Figure 17 show the billing and HDD data. The billing cycles ending in January and February 2012 show 21% less natural gas use than the same two-month period in 2011 when summer natural gas usage is factored out. During this same two-month period, the number of HDDs was 20% fewer this year versus the previous year. Since the most recent winter was milder (based on HDD) than the same period during 2010-2011, short-term year-over-year energy savings are difficult to predict. 
Seven Supporting Test Homes
An additional seven test homes were studied to determine if furnaces installed outside their optimal operating settings and can benefit from system tune-ups. The seven homes being reported here have undergone HVAC SAVE system repairs, system adjustments, and equipment replacements. Similar to the three case study homes, test homes #4 through #10 (TH-4 to TH-10) were located throughout Iowa and the work was performed by HVAC SAVE certified contractors. The HVAC diagnostic data depicted in this section is identical to the three case- study homes except utility bill analysis is not included (Appendix A). Analysis of these seven homes shows significant improvements in HVAC equipment and system efficiency. Table 5 lists the difference (after tune-up minus before tune-up) before and after either equipment replacement or system tune-up.
Four test homes have undergone equipment replacement and six homes have undergone system tuneups without replacement (Table 5 ). All six homes that underwent tune-ups have shown noticeable improvements in conversion efficiency and overall system efficiency. Measured conversion efficiency improvement, for system tune-ups only, ranged from 7% to 23% and system efficiency improvement ranged between 1 percent and 23 percent ( Table 5 ). Eight of the 10 total test homes showed an increase in equipment temperature rise and in seven out of 10 test homes there was an increase in system temperature rise (Table 5 ). Changes in equipment and system temperature rise were 0°-13°F and 2.1°-19.5°F, respectively (Table 5) . Specifically, the six homes that underwent system tune-ups only showed increases in conversion efficiency, system efficiency, equipment temperature rise (except TH-10), and system temperature rise (Table 5) . Table 6 lists the average changes between the pre-and post-test in data. 
Test Home HVAC System Upgrades
Six out of the 10 homes analyzed in this study underwent system tune-ups only and the remaining four underwent equipment replacements. The four homes that underwent equipment replacement installed new furnaces with reduced rated output capacity and improved AFUE (Table 7) . Along with a proper installation, these four homes were also able to appropriately size their furnaces to meet their heating demands. The system tune-ups largely involved the improved delivery of conditioned air. System tune-up information for each test home is listed in Table 7 . Tune-up measures are home specific because they are largely dependent on the pre-existing distribution system conditions. For instance, high static pressure in the return system would lead to an improvement or addition to the return system ducts. Although the actual tune-up components vary widely, the end result of the tune-up is an increase in both the equipment and system efficiency. 
Discussion
For the set of 48 homes evaluated in the first part of this project, the average calculated conversion efficiency, as defined in Error! Reference source not found. in Section 3, was 81%. Based on the authors' previous experience, a conversion efficiency of 90% or better is easily achievable and can be reached by taking simple, low-cost actions such as properly setting fan speed or tuning the combustion. Of the 48 sample homes, only eight (17%) were considered to be operating with a conversion efficiency of 90% or better at test-in. Figure 18 shows the distribution of calculated conversion efficiencies.
Figure 18. Distribution of calculated conversion efficiencies
Achieving close to 100% conversion efficiency is not out of reach, but may require making costly repairs or adjustments to the equipment and distribution system. Adjusting a system to operate at 90% conversion efficiency is a more realistic objective. If the average efficiency of the equipment in the homes were raised to this meet this objective, there would be an average of 9% reduction in energy input. When factoring in the average space heating energy consumption per household for the Midwest, the historical average heating load (36.85 kBtu/ft 2 /yr), the average AFUE (88%) and the average conditioned floor space (2,644 ft 2 ) of the 48 sample homes, this would result in a savings of 13.7 MBtu (site) or 9% of the total annual household heating energy consumption. The estimated source annual energy savings based on these assumptions and a conversion factor of 1.092 (Uneo and Straube 2010) is 14.96 MBtu. The average conditioned floor space in our sample 48 homes was significantly larger than the average conditioned floor space for the region based on the Energy Information Administration's Residential Energy Consumption Survey (EIA 2009). The average floor space for the West North Central Region, which contains Iowa, was 1,930 ft 2 . When the estimated energy savings is calculated using this value instead of the floor space from the sample homes, the estimated energy saving are 10 MBtu (site) and 10.9 MBtu (source).
In order to achieve these energy savings in the field, many of the homes tested through this project would need repairs or adjustments made to the system. The first step in most cases should be to evaluate airflow at the heat exchanger and verify that the equipment is achieving the desired level. The airflow at the heat exchanger measured in these homes was outside of the recommended range (100% ± 15%) in 20 (42%) of the 48 homes, as shown in Figure 19 . This range was chosen based on recommendations published in ANSI/ACCA 5 QI-2010. For airflows outside of this range, fan speeds should be verified and static pressures across system components should be evaluated to locate restrictive locations. Of the 48 homes in the sample set, 32 (73%) had an ESP higher than 125% of that recommended by the manufacturer, as seen in Figure 20 . This maximum value was chosen based on ANSI/ACCA 5 QI-2010. It should be noted that the outlier on the far right side of Figure 20 is the single home in our sample set that had a blower motor that was rated at 0.2 i.w.c. When tested the ESP on this system came it at 0.55 i.w.c, or 275% of its rated static pressure. One method to identify where airflow restrictions in the system exist is to examine the pressure drops across individual components in the system. As described in Section 3, each section or component was allotted a portion of the total ESP: 40% for the coil, 20% each for the filter, supply, and return. Using these values as a guide, the project team examined the set of sample homes to conclude which locations in the system were restricting airflow.
Based on these guidelines, and as shown in Figure 21 , 43 of the homes were identified as having a restrictive filter and 31 were identified as having a restrictive return. Since both of these locations are on the return side of the furnace, performing system repairs targeted at one or both locations could prove to be cost effective. It should be noted that each home can have more than one restrictive location. Once the airflow has been corrected, the firing rate can be checked to see how it compares to the rated input. ANSI/ACCA 5 QI-2010 recommends that the firing rate should be within ± 5% of equipment nameplate input. Using this as a guide, 17 (25%) of the 48 homes were under-fired while 9 (19%) were over-fired ( Figure 22 ). Based on the 48 sample homes, it can be seen that the furnaces looked at in this study are not operating under conditions recommended by the manufacturer or best practice installation standards. Further investigation is needed to quantify the impact of these adverse conditions on performance. PARR plans to build on the data presented in this report and conduct laboratory testing of vintage furnaces under conditions as found in the field to see how they affect common performance metrics, such as AFUE.
While the additional long-term energy use data need to be collected on the three sample homes in order to provide a more accurate prediction of energy savings, the initial results on two of the three homes suggest that the repairs or replacements did indeed save energy, while the third home had an effective energy savings of 1% over the first two months after the repairs were completed. Home #2 provides the most promise for future results, as the existing equipment remained in place after the repairs and system adjustments took place. On this home adding an additional return, increasing the fan speed, and sealing the distribution system show an effective energy savings of 6% over the first two months after the repairs were completed. Home #1 showed an effective energy savings of 16% over the first four months after the repairs were completed. Savings on this home as a result of system repairs will be difficult to quantify, as the equipment was also replaced as part of this modification. The original 80% AFUE furnace on this home was replaced with a 95% AFUE model, so a portion of this energy savings can be attributed to the increase in conversion efficiency.
The 10 homes analyzed in third part of this study are important, because they provide further evidence of how repairs to the HVAC system can achieve energy savings. Utility bill analysis is not available for the seven homes analyzed in this part of the study, but improvements in system and equipment efficiency correspond with improved delivery of conditioned air. The data presented in this study help support the idea that individual components comprising a residential heating system act as a system and must not be looked at independently.
The data collected address the research questions as follows:
 Q: What is the current installed HVAC system operating efficiency, as defined by the capacity of conditioned air reaching building occupants?
A: The installed system operating efficiency varies significantly in the 10 test houses in the second part of the study: from 40 to 80% at test-out. Clearly much work remains to be done to seal and insulate ductwork in these homes.
 Q: What is the achievable improvement in HVAC system operating efficiency from common modifications and quality installation of replacement of equipment?
A: The increase in system efficiency from this study also varied significantly, but it appears from the results that it is possible to deliver 80%-90% of the heat generated by the furnace to the conditioned space (Table 5) .
Next Steps
The findings of this study establish important baseline data about the potential gains in energy efficiency associated with HVAC equipment replacement and system tune-ups. In future research, these findings could be expanded upon by increasing the sample size, including more extensive utility bill analysis, and more qualitative information regarding system tune-ups. In the future this project will attempt to locate additional homes to include in this study to provide a more complete picture of the energy savings from system repairs and adjustments.
Conclusion
This project investigated energy savings potential in existing homes from natural gas furnace system repairs and adjustments that were recommended based on an initial evaluation of a furnace performance in-situ, or test-in. This evaluation of home heating and cooling systems involved measuring airflows, static pressures, and temperatures across the system to determine how well the furnace was performing compared to the manufacturers specifications. From the data collected it was determined that, on average, the homes that underwent the initial evaluation were not realizing 9% of the space heating energy potential available from their furnace, based on how it was operating at the time of test. Further examination of the initial evaluation showed that the majority of these losses can be attributed to either an undersized return or a restrictive filter. In 31 of the 48 homes, testing showed that a return that was too restrictive did not provide the required airflow across the heat exchanger, while 43 of the 48 showed that the in-place filter was overly restrictive.
In the second part of the project, the team examined a sample of 10 homes that had completed the initial evaluation for more in-depth study. In these homes, the furnaces were tuned or replaced and duct systems were modified. Four homes had equipment replacement and duct upgrades, and six homes had system tune-ups for both furnaces and ducts. For these 10 homes, the diagnostic data show that it is possible to deliver up to 23% more energy from the furnace to the conditioned space by doing system tune ups (furnaces and ducts) with or without upgrading the furnace. Replacing the furnace provides additional energy reduction. The results indicate that support the author's contention that residential heating and cooling equipment should be tested and improved as a system rather than a collection of individual components. 
